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orbits V 
INTRODUCTION 
One of the main objectives of experimental nuclear physics is to understand the 
properties of nuclei using high-energy projectiles. The interactions of various 
projectiles with target nuclei are known as nuclear reactions. The study of nuclear 
reactions for physicists and chemists is a very active research area in which a significant 
fraction of nuclear research budget and personnel are dedicated. This work attempts 
towards the understanding of nuclear reaction mechanism. Besides the intrinsic interest 
in understanding nuclear reaction mechanism, there are many applications of nuclear 
reactions to study other aspects of nuclear science and chemistry. For example, nuclear 
reactions can be used to probe the structure of nuclei. A recent example of this idea is 
the work of Glasmacher and coworkers [1] who used the technique of coulomb 
excitation at intermediate energies (10-100 MeV/nucleon) to study the structure of P 
unstable nuclei far from stability line. From these observations important tests of the 
nuclear shell models near the neutron drip lines could be made. In other reaction 
studies, a nuclear reaction has been used to deposit large amounts of energy into 
nucleus, achieving a high nuclear temperature and measuring the response of nuclear 
matter to high temperatures [2,3]. The development of the important practical uses of 
nuclear reactions for chemical analysis, PIXE (Particle Induced X-ray Emission) and 
NAA (Neutron Activation Analysis) seems to be largely stagnant. In recent years the 
only modest gains have been recorded. 
Before explaining the meaning of nuclear reaction, let us explain the term 
nucleus. Nucleus residing at the centre of an atom is a very unusual entity [4]. It binds 
electrons around it, carries almost whole of the mass ~ 99.95 % but occupies an 
extremely tiny space. Thus nucleus is an extremely dense object with very high charge 
density consisting of neutron and proton. The basic nuclear constitution was understood 
only following the discovery of the neutron in 1932 by Chadwick [5]. Nucleus over the 
last sixty years has attracted the physicists by displaying very divergent properties from 
high collective to single particle behaviour. The nature has thus provided through this 
quantum object, an ideal laboratory to study interesting behaviour of a strongly 
interacting multi-fermion system. Since the nucleus is a quantum system, it cannot be 
explored directly. One has to extract information indirectly by comparing experimental 
results with proposed theoretical models. 
Next we explain the meaning of nuclear reaction. A nuclear reaction is a process 
that occurs when a nuclear particle (nucleon or nucleus) gets into close contact with 
another. Usually, a strong energy and momentum exchange take place and the final 
products of the reaction are one, two or more nuclear particles. Nuclear reaction [6] is 
typically written as 
a + X > b + Y 
where a is the projectile, X is the target nucleus, Y is the residual nucleus and b is the 
emitted particle. Symbolically, it is represented as X (a, b) Y. In a nuclear reaction one 
has the information before and after the reaction has taken place. What actually happens 
during the reaction itself is not well understood as shown in Fig. 1. If we take heavy ion 
as a projectile, the reaction is known as heavy ion induced reaction. Now let us explain 
the term Heavy Ion (HI). Heavy ion is generally used to mean nuclei heavier than 
helium nucleus. Pictorial representation of a heavy ion reacfion in the interaction of 
'^ C+ ^^ Nb system is shown in Fig 2. 
For projectile nuclei with baryon number A > 4 the internal structure becomes 
quite complex which makes it possible that a number of new reactions may occur. Also 
when the projectile fuses with the target creating a compound nucleus, one has to 
consider special features of the heavy ion reactions due to large angular momentum 
carried in by the projectile. It was pointed out by Conlon [7] in 1980 that heavy ion 
beam can be used to produce an extremely thin layer of activity by direct nuclear 
reaction. Since heavy ion beam loses energy very fast in the material, it produces a very 
thin layer of activity in the surface. For example, range of 15 MeV proton, 40 MeV 
alpha, and 110 MeV '^O in copper are 480 jam, 244 [am and 40 [im respectively. These 
reactions could be useful for thin layer activation technique (TLA) study. 
Heavy-ion reactions can be classified by the time scale and impact parameter of 
the collisions [8]. As the projectile nucleus approaches the target nucleus (in the lab 
frame of reference) it first feels the long range Coulomb force between two nuclei. If 
the energy is low enough, it will undergo {(Rutherford scattering)}. At higher energy 
projectile moves closer to the target nucleus, it will feel the effect of the shorter-range 
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Fig. 1. Pictorial Representation of a Heavy Ion Reaction 
Projectile Target Composite 
system 
Residues 
Fig. 2. Pictorial Representation of a Heavy Ion Reaction in the interaction of 
'^C + "Nb system 
nuclear force between the two. Depending on energy, impact parameter etc, the 
projectile can 
(a) scatter elastically due to nuclear force {(Elastic scattering)} 
(b) scatter inelastically with modest excitation of the projectile and/or target 
(c) interact strongly with a few nucleons (usually at the periphery of the target 
nucleus) ejecting these nucleons or having them transfer to the projectile {(Direct 
reaction)} 
(d) interact strongly with the entire target nucleus, partially fusing and then 
reseparating under the influence of the coulomb force, damping some of the 
incident projectile kinetic energy into excitation energy of the di nuclear complex 
(Deep inelastic scattering) 
(e) Completely amalgamate with the target nucleus forming an intermediate species 
that subsequently decays {(Incomplete or Complete fusion)} the projectile may 
fuse with the target and a variety of nuclear reactions may occur. There is a large 
overlap between the wave functions of two interacting nuclei. In the present study 
we are interested in this regime. 
At low incident energies and for lower values of impact parameter, the projectile 
may completely fuse with the target, thereby transferring the entire linear as well as 
angular momentum to the composite nucleus. This composite nucleus is far from 
statistical equilibrium as a large part of its excitation energy is in the form of an orderly 
collective translational motion of the nucleons of the projectile and target. The orderly 
translational motion of nucleons of the projectile and target transforms gradually into 
chaotic thermal motion mainly through a sequence of two body interactions. This 
thermalisation process ends when composite system reaches a state of thermal 
equilibrium making it a compound nucleus. Once the thermal equilibrium is reached, 
the accumulation of sufficient energy on a single nucleon or cluster of nucleons may 
only occur by a random and improbable sequence of events. Thus, it favours the 
emission of low energy particles after long emission times. 
At higher incident energies and relatively larger impact parameters, the angular 
momentum of the projectile may be too large for the composite system to hold .In such 
cases only a part of the projectile may fuse with the target nucleus and the remaining 
part gets stripped-off This results in the Incomplete fusion (ICF) of incident heavy ion. 
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The angular momentum carried by the composite nucleus now depends on the mass of 
the fused fragment. 
However, at higher excitation energies and low impact parameters, a composite 
nucleus may be formed and it may happen that during the process of thermalisation, 
nucleons or clusters, still possessing considerable energy, are ejected into continuum. 
These nucleons have average energy higher than that of the nucleons evaporated from 
the compound nucleus. This process is known as pre-equilibrium emission (P.E). 
This theory can be explained with the help of the classical picture [9] of heavy-
ion interactions, as shown in Fig.3. As it is clear from the above discussion, angular 
momentum plays a very important role in heavy ion reactions. Schematic illustration of 
the L-dependence of partial cross-section is shown in Fig. 4. 
As a part of our programme to study the reaction mechanism i.e. Complete and 
In-complete fusion (CF & ICF) / PE emission in heavy ion induced reactions, an 
attempt has been made to measure the excitation function (EF) (i.e. cross-section versus 
incident energy) for '^C+ ^^Nb system at Pelletron energies. Since excitation functions 
provide clues for the reaction mechanism, it serves as a powerful tool to understand the 
reaction mechanism properly. For instance, the slowly descending tail of the excitation 
fiinction is a direct signature of pre-equilibrium emission. The importance of the 
excitation function also lies in the fact that with ever increasing use of radioactive 
isotopes in various applied fields, there is a growing demand to provide the knowledge 
of the excitation functions of nuclear reactions in order that the production of selected 
isotopes could be maximized. The excitation functions of nuclear reactions leading to 
suitable products are very important to be known for the yields of products before its 
TLA application in a particular material. The measurement of excitation function has 
been done using activation technique. This technique is popular for its sensitivity, 
selectivity and simplicity. The main advantage of this technique is the possibility of 
measuring EFs for the production of large number of residues in a single irradiation, 
thereby reducing beam time requirements. In this technique, activities induced by 
radioactive fragments in the target and catcher assemblies are measured by off-line 
process. The experiments have been carried out at the Nuclear Science Centre (NSC), 
New Delhi, India. 
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Fig. 3. Classical picture of Heavy-ion interactions, showing the trajectories corresponding 
to distant, grazing and close collisions 
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Fig. 4. Schematic illustration of L - dependence of partial cross- section 
The details of experimental procedures and formulations have been given in 
Chapter-II. The analysis of measured EFs for HI reactions in '^ C+^^Nb have been 
carried out using Computer Codes ALICE-91 [10] and PACE2 [11]. Chapter-lII is 
devoted to the description of these codes. The results are discussed in Chapter-lV. 
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Chapter - II 
Experimental Procedure and Formulations 
The activation technique [1] has been used for measuring the excitation 
functions (EFs) for a large number of evaporation residues produced in C + Nb 
system at the energies below 7 MeV/A. The measured EFs have been compared with 
theoretically calculated values. The experiments have been carried out using the 15UD 
Pelletron accelerator facility at Nuclear Science Centre (NSC), New Delhi, India. 
2.1 Pelletron Accelerator 
A schematic diagram of NSC Pelletron is shown in Fig.2.1. The NSC Pelletron 
is a 15UD, tandem Van de Graff electrostatic accelerator. It is capable of accelerating 
any ion from proton to uranium (except of the inert gases) in the energy range from a 
few tens of MeV up to a few hundred MeV, depending on the ion species. Ihe 
accelerator is installed in a vertical geometry in a stainless steel tank, which is 26.5 m 
high, and 5.5 m in diameter. In the middle of the tank there is a high voltage terminal, 
which can hold potential from 4 to 16 MV. The terminal is connected to the tank 
vertically with ceramic - titanium-accelerating tubes. The tank is filled with a high di-
electric constant SFe gas at 6-7 atm pressures to insulate the high voltage terminal from 
the tank wall. A potential gradient is maintained through the accelerating tubes from 
ground potential at the top to the terminal and from the terminal to the ground potential 
at the bottom of the tank. Negative ions of suitable energy from source of negative ions 
by cesium sputtering (SNICS) ion source are injected into the accelerator and are 
accelerated towards the positive terminal. 
In the first stage of acceleration, singly charged - ve ion from the ion source are 
accelerated from ground potential to the terminal at the high potential V. The energy 
gained in the process is eV. The beam is then made to pass through a stripper where the 
ions are stripped off the electrons thereby making these + ve ions. The average charge 
of the ion depends upon the type of the ion and the terminal voltage. 
If qe is the charge on the +ve ions after passing through the stripper foil, the energy 
gained by accelerating it from the terminal to the ground potential is qeV. Thus, after passing 
through the two stages of the acceleration, the final energy of the ion in eK is given by 
E = (q + I) eV 2.1.1 
Interchangeable 
Ion Sources 
Ion accelerating tube 
High Voltage Terminal' 
y^e Ion 
Accelerator Tank 
Sulphur Hexa Fluoride 
Pellet Chains 
Injector Deck 
Iniector Magnet 
• Charge Stripper 
- Equipotential Rings 
+ve Ion 
Analyser Magnet 
"t^ To Switching Magnet 
Fig 2.1. Schematic figure showing the principle of acceleration of ions in Pelletron 
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These high-energy ions are then passed through the analyzing magnet and an energy sUt 
which selects the particular ions of the desired energy. 
2.2 Sample Preparation and the Characterization 
Self-supporting ^^Nb targets of thickness -2.02 mg/cm^ were prepared by rolling 
natural niobium of purity better than 99.9%. The rolling technique is preferred in case 
of soft and ductile materials. The thickness obtainable with the mechanical method is 
~1 gm/ cm^. Mechanical rolling is done by sandwiching the material between the 
stainless steel sheets of 1mm thickness and size 7 cmx 5cm .The surfaces of the 
stainless steel sheets are mirror polished and cleaned with acetone to obtain purity and 
uniformity of thickness of the target. The target material is also cleaned and weighed. 
The distance between the two rollers is gradually decreased in many steps, until 
the desired area is obtained. The target thickness is determined by gravimetry. Rolling 
is by far the most conservative process with regard to material loss in preparing thin 
targets. The main limitation of this method usually comes from the sticking of the foil, 
to the stainless steel sheets. In order to prevent this adhesion, paraffin is sometimes used 
as a lubricant. The rolling machine at NSC, New Delhi ,where the targets were 
prepared, is shown in Fig. 2.2. 
2.3 Irradiation 
A stack of five samples of ^^Nb was irradiated by '^ C beam of energy 75 MeV at 
the 15 UD Pelletron accelerator at NSC, New Delhi, India. The irradiation was 
performed in General Purpose Scattering Chamber (GPSC). The diameter of GPSC is 
1.5 m having facility of in vacuum transfer of targets so that target may be put in it 
without disturbing high vacuum. The General Purpose Scattering Chamber at NSC is 
shown in Fig. 2.3 .1. 
The targets under investigation were first mounted on target ladder as shown in 
Fig.2.3.2. This target ladder was then placed inside the scattering chamber. The two 
surface barrier (SSB) detectors were also kept at ±10° to the beam direction, to monitor the 
flux of the incident beam. The inner view of the scattering chamber is shown in Fig.2.3.3. 
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Fig. 2.2 Rolling Machine at Target Laboratory, NSC, New Delhi 
14 
Fig.2.3.1 GPSC at NSC, New Delhi 
15 
Fig.2.3.2 Front view of the ladder on which targets were mounted 
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The incident flux was determined from the charge collected in Faraday cup as well as 
from the counts of the two Rutherford monitors. The values thus obtained agree with 
each other within 5% error. The stack of samples was irradiated for nearly six and half 
hours keeping in view the half-lives of radioactive isotopes of interest. The charge 
state of beam was 6"^  with beam current 25nA to 30 nA. The incident energy of '^ C^^ 
beam on each foil in the stack was calculated from the software "SRIM "version 
2003. [2]. 
2.4 Calibration of Detector 
The word calibration means "in accordance with ' i.e. if the gamma rays 
expected to appear in the spectrum are well known in advance, the corresponding 
peaks can be readily identified by inspection. On the other hand the energy of any 
unknown gamma ray can be determined from the calibration curve. In order to identify 
the characteristic y-rays of evaporation residues in the complex y-ray spectra, a 
detector of good resolution and proper calibration is required. In fact it is the 
calibration of pulse height in terms of absolute gamma ray energy and is very 
important for proper identification of the photo-peaks in a gamma ray spectrum. 
Hence very high-resolution HPGe detector and standard sources having gamma 
energies that cover the complete range of the y-rays expected during the experiments 
are indispensable. In the present measurements the multipoint calibration of y-ray 
detector has been done using '^ ^Eu gamma standard source, as it emits y-rays covering 
a wide energy range of 120 - 1530 keV. Table 2.4 lists the prominent y-rays along with 
their absolute intensities, for the calibration of detector used in the present work. 
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152T Table 2.4 Prominent gamma rays and their absolute intensity of Eu source 
S.No. 
1 
2 
3 
4. 
5. 
6. 
7. 
8 
8. 
9 
Gamma-ray Energy 
(keV) 
121.78 
244.69 
344.29 
411.0 
778.92 
964.11 
1086.0 
1112.08 
1299.16 
1408.00 
Absolute intensity 
(%) 
28.40 
7.51 
26.60 
2.23 
12.98 
14.50 
13.60 
9.94 
1.63 
20.80 
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2.5 Measurement of Detector Efficiency 
The detector efficiency is a measure of how many pulses occur for a given 
number of gamma rays. The definitions of efficiency in common use for gamma ray 
detectors are as under 
a. Absolute Efficiency: The ratio of number of counts produced by the detector to the 
number of gamma rays emitted by the source (in all directions). It is dependent not 
only on detector properties but also on the details of the counting geometry 
(primarily the distance from the source to the detector). 
b. Intrinsic Efficiency: The ratio of the number of pulses produced by the detector to 
the number of gamma rays striking the detector. It no longer includes the solid angle 
subtended by the detector at the source as an implicit factor. 
It is much more convenient to tabulate values of intrinsic rather than absolute 
efficiency because the geometric dependence is much milder for the former. A detector 
with known efficiency can be used to measure the absolute activity of a radioactive 
source. The determination of efficiency of detector using individual standard sources 
may introduce errors due to non-reproducibility of the geometry. These errors may be 
eliminated by using a single source emitting large number of y-rays. A typical y-ray 
I S7 
spectrum of " Eu source used for this work is shown in Fig. 2.5.1. 
The relation gives the intrinsic photo-peak detection efficiency of gamma point 
source 
r. C.e '^ 
e-G = ^ ^ ^ 2.5.1 
So.e-G 
where 
C = Count rate under the photo peak 
X. = Decay constant of source 
t = Time lapsed between start of counting and the date of fabrication of standard 
y-ray source. 
So = Strength of the source at the time of its manufacture. 
9 = Absolute intensity of relevant gamma ray 
20 
A«I80»I^ 
Aa)|66ZI. 
A « i r H . | . ' 
AVMSeOL 
A»>(»96 
A*>16Z/ 
A*>» IZl 
AW|t*t 
! 
8 (o s 8 t 
W T-
K 
eo 
o 
<D 
eo 
lO 
lO 
9 
^ 6 
z 
S CO 
o 
eo 
o 
s 
I I I 
-iS 
eg 
ex 
1 
< 
i 
CA 
s^unoQ 
G = Geometrical factor which is given by 
^Q^ 
where Q is solid angle in 
v4;ry 
steradians subtended by the detector surface facing the source. 
In order to avoid the probable error in geometry factor we have determined the 
relative efficiency given by 
e.G = ^ ^ ^ 2.5.2 
So.e 
Depending upon the intensity of induced activity produced in the target foil / 
catcher, the source to detector distance in each case was kept different (whenever 
necessary), in order to keep the dead time of counting less than 10%. The values of 
€ G thus obtained were plotted as a function of energy using the program ORIGfN 6.0. 
A polynomial of degree 4 having the following form was found to give the best fit for 
these curves 
e-G = ao + aix+a2>^ + as >^ + 04 x" 2.5.3 
where ao, ai, 02, as and a4 are the coefficients having different values for different 
source detector distances, x is the energy of characteristic gamma ray. The typical 
geometry dependent efficiency curve of the detector at various source detector distances 
are shown in Fig. 2.5.2. 
2.6 Recording of Gamma-Ray Spectra and Identification of Reaction Residues: 
In nuclear reactions, evaporation residues are produced in excited state by 
emission of charge particles/neutrons. These excited residual nuclei decays to their 
ground state by emitting characteristic y-rays. In activation technique y-activities 
produced in the irradiated targets/catcher foils were followed. As each isotope has a 
unique mode of decay and it comes to ground state by emitting characteristic y-rays so 
identification of characteristics y-rays and their intensity provides the measure of 
particular evaporation residue. The activation technique is a very powerful and 
therefore the cross-sections up to \\xb have been measured [3]. This technique is based 
on the discovery of artificial radioactivity [4]. Extremely high sensitivity, selectivity 
and the possibility of non-destructive analysis are some advantages of this technique. 
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The most important and major step of the experiment is the recording of the 
gamma ray spectra of the induced activities in the samples and catcher foils. The NSC 
built data acquisition system "FREEDOM" was used to record the spectra. Keeping in 
view appreciable count rate and low dead time of the detector counting geometry was 
chosen. HPGe detector was used to record the gamma ray spectrum because of very 
high-energy resolution ~ 2keV @1332 keV of ^°Co . The good energy resolution of 
these detectors not only helps to separate very closely spaced gamma ray peaks, but 
also nicely detects the weak gamma rays of discrete energies when superimposed on a 
broad continuum. The y-ray spectrum of each foil was recorded at increasing times and 
analyzed in order to identify the photo-peaks of the interest produced due to various 
residual nuclei. Typical y-ray spectra of ^^Nb irradiated by '^ C at 75.00 MeV and 47.89 
MeV are shown in Figs.2.6.1& 2.6.2. Radioactive properties (Half life, y-energies, spin 
& parity, and branching ratio etc.) of various residues produced by different reactions 
are listed in Table 2.6. The spectroscopic data presented in Table 2.6 has been taken 
from "Table of Radioactive Isotopes" by Browne and Firestone [5]. 
2.7 Formulation 
When a sample containing No number of target nuclei is irradiated by the beam 
of flux (j), the rate of formation of particular activation product is given by, 
N = No(|)ar 2.7.1 
where Or is the reaction cross-section for the product nuclei of interest. It may be 
pointed that the isotopes produced by irradiation are radioactive, and decay 
simultaneously with their productions. If the stack of the samples has been irradiated for 
a time ti, the activity produced in the sample is recorded for time ts, and the time laps 
between stop of irradiation and start of the counting is t2, the intensity of induced 
activity after the time ta is given as 
dN_ c7>iV„{l-exp(-20} ^ ^ ^ 
exp(/l ^2) 
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Table 2.6. Nuclear Spectroscopic data used for this work 
Nuclide Spin-parity Half-life y-Energy Intensity Q-values 
(J)" (keV) (%) (MeV) 
'°^ Ag 
'°'Ag 
• Olpj 
lOlj^m 
'°°Rh 
'^Rh 
«^Rh 
'^Tc 
^^ Tc 
^^ Ru 
{lilt 
(9l2t 
(5/2)" 
(9/2)" 
(1)" 
(9/2)" 
(2)" 
(9/2)" 
(7)" 
(5/2)" 
l . lOh 
10.80 m 
8.5 h 
3.30 y 
20.80 h 
4.7 h 
8.7 m 
20.0 h 
4.9 h 
2.9 d 
118 
261 
269 
296 
565 
590 
723 
306 
446 
539 
822 
340 
617 
1261 
652 
765 
871 
215 
324 
31.2 
52.0 
6.4 
19.2 
3.4 
12.0 
2.0 
86.0 
11.2 
78.4 
20.0 
69.0 
11.8 
10.9 
96.0 
94.0 
99.9 
86.0 
10.2 
-18.561 
-38.293 
-33.281 
-30.519 
-47.699 
-48.477 
-58.972 
-22.184 
-32.118 
-35.024 
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and number of nuclei decayed in time tj to (t2 +13) is given by 
^ _ ^ o ^ C T , { l - e x p M r , ) } { l - e x p ( - i / 3 ) } ^ ^ ^ 
A exp(A 2^) 
where X, is the decay constant of the product nuclei and is given by the relation 
A = ^ ^ 2.7.4 
where 1^2 is the half-life of the residual nucleus. If the induced activity is recorded by a 
detector of geometry dependent efficiency e G, then the absolute counting rate C and 
the observed rate A are related as, 
C = 7 r 2.7.5 
{eG).0.K 
where 0 is the branching ratio of the characteristic gamma-ray & K is self absorption 
correction factor for the material of the sample and is given as 
^ J l - e x p ( - / . ^ ) } 2.7.6 
jud 
where \i is the y-ray absorption coefficient for the sample and d is the thickness of the 
sample. Thus from the above equations, we get 
A A exp(A /j) 
^' ~ N, </>eK{e G) {1 - exp(-/l /,)} {1 - exp(-A t,)} 
Equation 2.7.7 has been used to calculate the cross-section for the particular 
reaction product. 
In the present measurements, when more than one y-rays are available for a 
particular reaction at the same energy then the experimental cross-section is taken as the 
weighted average of the individual cross-section of these y-rays. Following formulation 
has been used for determining the weighted average [6]. 
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If we suppose X] ± AXi, X2 ± AX2, X3 ± AX3,.... are the different 
measured values of the same quantity X then the weighted average is given as 
The Internal error (I. Er.) is given by 
I.Er. = [ l W i ] ' 2.7.10 
and external error (E. Er.) is given by 
E. Er. 2.7.11 
The internal error depends on the errors of individual observation hence on the 
internal consistency whereas the external error depends upon the difference between 
observations from the mean value hence is a function of external consistency of the 
observations. Based on the above formulation, a computer program NPSIGMA[ 7 ] has 
been developed for the calculation of cross-sections at various energies in the present 
study. Experimentally measured cross-sections at different energies for the ten reactions 
namely ^^  Nb (C, 2n) '°^Ag, ^^Nb(C, 4n) ""Ag, '^^ Nb (C, p3n) "^'Pd, "^^ Nb (C, 2p2n) 
""Rh ,^ ^ Nb (C, an) '°°Rh, ^^  Nb (C, a2n) ^^Rh, ^^  Nb (C, a3n) ^^Rh, ^^  Nb (C, ap3n) 
^^Ru, ^^  Nb (C, 2a2n) ^^Tc, ^ ^ Nb (C, 2a3n) ^^ Tc are given in the Tables 2.7.1 & 2.7.2. 
2.8 Sources of Error 
Each experiment may have some uncertainty associated in its measurements. 
Some of the factors likely to introduce errors in the present measurements are: 
1. Uncertainty in measuring the geometry dependent detector efficiency. The 
statistical errors of the counting of the standard sources may give rise to error in the 
efficiency, which was minimized by accumulating large number of the counts for 
comparatively larger time ('-5000-7000sec).Experimental data on the variation of geometry 
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Table 2.7.1 Measured cross-sections for the production of residual isotopes 
P [a ± Error (a)] (mb) 
(MeV) ,03^g .o.^g .oipj loiRj, .00^^ 
47.89 64.31 ±0.33 4.69 ± 0.02 1.83±0.04 — 15.16±0.22 
55.47 38.21 ±0.24 247.29 ± 4.54 117.97 ±0.63 4.9 ± 0.08 23.64 ± 0.34 
62.50 11.5 ±0.19 667.58 ±5.03 371.41 ±0.99 18.44 ±0.41 11.59 + 0.39 
69.04 — 838.53 ±4.65 591.72 ±1.22 29.48 ±0.19 53.20 ±0.31 
75.00 — 412.08 ±3.68 339.95 ± 0.96 18.28 ±0.18 56.11 ±0.61 
Table 2.7.2. Measured cross-sections for the production of residual isotopes 
Elab 
(MeV) 
47.89 
"Rh 
32.31 ±0.19 
[a ± Error (a)] (mb) 
'«Rh '^ Ru '^ Tc 
8.13 ±1.54 -— 0.22 ±0.03 
'^Tc 
55.47 144.45 ±0.41 58.33± 3.58 1.27 ±0.36 4.17 ±0.09 1.28 ±0.04 
62.50 129.66 ±0.89 774.08 ± 7.89 17.81 ±3.88 14.93 ±0.34 4.62 ± 0.25 
69.04 147.05 ±0.37 2352.69 ± 12.02 18.63 ±0.69 49.93 ± 0.49 8.61 ±0.12 
75.00 74.10 ±0.29 2044.84 ±6.16 97.93 ±1.00 63.71 ±0.48 10.56 ±0.14 
31 
dependent efficiencies with the y-rays energy at a fixed source-detector distance has 
been fitted with power law curve. The uncertainty due to fitted efficiency curve was 
estimated to be <3%. 
2.Uncertainty in determining the efficiency may also be due to solid angle effect 
because the irradiated samples were not point sources like standard source; these had a 
diameter of 10 mm. A detailed analysis of the solid angle effect is given in ref [8]. It is 
estimated that the error in efficiency on account of solid angle effect is <6%. 
3.The uncertainty in determining the number of target nuclei in the sample due to in-
accurate estimate of the foil thickness. It is estimated from the thickness measurements 
at different locations of the sample. The error in the thickness of the sample material is 
expected to be <1%. 
4.Error due to fluctuations in beam current during the irradiation may give rise to the 
variations in beam flux. Although care was taken to keep the beam current constant 
within 10%. It is esfimated that beam fluctuation may introduce an error of <3%.In all 
the cases the dead time is kept less than 10% by suitably adjusting the sample detector 
distance and the correction for it was applied in the counting rate. 
5.During irradiafion of the stack, the beam traverses the thickness of the material, thus 
the initial beam intensity reduces. It is estimated that the error due to decrease in beam 
intensity is < 2%. 
Further, the uncertainties in the branching rafio, decay constant etc, which are 
taken from nuclear data table, data sheet and table of isotopes have not been taken into 
account. 
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Chapter - III 
Computer codes 
With the advent of HI beams in 1950 the Bohr model of compound nucleus 
theory was applied to the heavy ion fusion reactions. Based on this model a variety of 
computer codes have been developed over the years in order to study the nuclear 
structure and reaction mechanism. These computer codes can now be used to verify the 
reaction mechanism, to aid in the identification of compound nucleus formation and 
decay. In the present work, theoretical calculations of excitation functions have been 
done using computer codes ALICE-91 [1] and PACE2 [2] and comparison with the 
experimental data is made A brief description of these codes and their parameters is 
given in the next two sections. 
3.1 Basic Features of the code ALICE-91 
The code ALICE-91 can calculate both equilibrium and pre-equilibrium 
emission cross-section. It is based on the Weisskopf-Ewing model [3] for compound 
nucleus reaction (equilibrium) while pre-equilibrium emission is stimulated within the 
framework of Hybrid/geometry dependent hybrid model [4,5]. In this code the 
possibility of incomplete fusion has not been taken into account but it can compute 
statistical fission cross-sections utilizing Bohr-Wheeler approach with angular 
momentum dependent ground state and saddle point energies. The particles, which 
could be emitted, are neutrons, protons, deuterons and/or a-particles. The code may 
calculate the reaction cross-section for the residual nuclei up to 11 masses and 9 atomic 
number units from the compound nucleus. Myers-Swiatecki Lysekil mass formula [6] is 
used for calculating Q-values and binding energies of all the nuclei in the evaporation 
chain. 
The inverse reaction cross-sections used in the code are calculated using optical 
model [7] subroutines, although code has an option of classical sharp cut off model 
also. The transmission coefficients are calculated using the parabolic model of Thomas 
[8] for heavy ions. Like all semi-classical models, ALICE-91 assumes equipartition of 
energy among the initially excited particles and holes. The important input parameters 
required in this code are, the level density parameter a, the initial exciton number no 
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and mean free path (MFP) multiplier 'COST along with the description of the 
projectile and target nucleus. The MFP for intranuclear transition rates may be 
calculated from the optical model of Becchetti and Greenless [9] or from Pauli 
corrected nucleon-nucleon cross-sections [10, 11]. The MFP multiplier COST is used to 
adjust the nuclear mean free path in order to reproduce the experimental data. It 
accounts for the difference, if any, between the calculated and the actual MFPs for two-
body residual interactions. 
Level densities of residue may be calculated either from the Fermi Gas model or 
from the constant temperature form. The Fermi gas model [12] gives 
p(U) = {U-S)-"' expil^aiU-S)) 3.1.1 
where, 5 is the pairing term and U is the excitation energy of the nucleus. The level 
density parameter a is taken as A/K, where A being the mass number of the nucleus and 
K is an adjustable parameter. The level density p(U) in the constant temperature form 
[13] is given as 
p(U)^je"" 3.1.2 
The differential cross-section for emitting a particle with channel energy e may 
be written as (cross-section per unit energy to emit a particle of type v). 
^ =7rX'f^{2I + l)T,{2S, + \)f^TUe) f^p{E,J)/D 3.1.3 
where X is the reduced de-Broglie wavelength of the incident ion, Ti is the 
transmission coefficients for the i"" partial wave of the incident ion. p{EJ) is spin 
dependent level density for the residual nucleus, D is the integral of numerator over all 
particles and emission energies, s the excitation energy of the compound nucleus. S^. is 
the intrinsic spin of particle v, T^is) is the transmission coefficients for the particle v 
with K.E. £ and orbital angular momentum 1. 
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In the Weisskopf-Ewing calculations, the nuclear moment of inertia is infinite 
and hence there is no energy tied to rotation, thus no level density cut off at high spin. 
This code does not take into account the angular momentum involved in HI reactions. 
The HI projectile imparts large angular momentum to the composite system having a 
finite moment of inertia and hence greater rotational energy. Due to nuclear rotation a 
nucleus with a given angular momentum J, cannot have energy below a minimum value 
E min J • 
mm 
h' 
E, « J ( y + l ) — 3,1.4 
' 21 
where, I being the moment of inertia of the composite nucleus. 
If in the last stages of nuclear de-excitation higher angular momentum of the 
nucleus inhibits particle emission more than it does y emission, then, the peak of the 
excitation functions corresponding to particle emission mode will be shifted to higher 
energy [14]. A similar shift may also be produced if the mean energy of the evaporated 
particles increases with increasing nuclear spin. One way of obtaining an estimate of the 
overall energy shift is from the nuclear rotafional energy. For a rigid body ,the 
rotational energy E rot is given as 
Ero.= 
^ m^ 
yMj E'Inh 3.1.5 
tn 
where — is the ratio of the projectile and target masses and E|ab is the incident energy. 
M 
To account for the large angular momentum imparted to the composite system it is 
desirable to shift the calculated excitation function by the amount approximately equal 
to Erot. The pictorial representafion for sequence of flow of code ALICE-91 is shown in 
Fig 3.1. 
3.2 Basic features of the code PACE2 
The statistical model code PACE2 (Projection Angular-momentum Coupled 
Evaporafion, version 2) was derived from a predecessor, code JULIAN [15]. It uses a 
Monte Carlo procedure to determine the decay sequence of an excited nucleus, using 
the Hauser- Feshbach formalism. The Code PACE 2 [2] is used to calculate the reaction 
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A - 2 A - 1 
2-1 
Z- 2 
Fig. 3.1. Logic flow of the ALICE-91 code 
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cross- section of highly excited compound nucleus having higher angular momentum. 
In this code the most of require input parameters have been used as default except the 
charge and mass of the projectile and target nucleus. 
Since angular momentum conservation is explicitly taken into account at each step, 
the calculated excitation functions need not be shifted for rotational energy correction 
as we have done in case of ALICE-91. The partial cross-section for compound nucleus 
formation at angular momentum L and specific bombarding energy is given by 
a, =KK\1L + \)TI 3.2.1 
where X, is the reduced wavelength with 
r , = [ l + e x p ( I - I _ ) / J r ' 3.2.2 
where, S is the diffuseness parameter. Lmax is determined by total fusion cross- section 
(JI. given as 
a,. = I. a, 3.2.3 
1 = 0 
The transmission coefficients for the evaporation of light particles (n, p, a) 
during the first step of de-excitation are obtained by optical model potentials. A special 
feature of this code is its ability to provide angular distributions of evaporated particles 
and residues, obtained by tracking the distribution of the angular momentum projection 
through each cascade. The code contains a summary routine STATIS, which the user 
can adapt to provide any specific output desired. It may be pointed out that this code 
carries out only the statistical equilibrium model calculations and does not take PE 
emission into consideration. The PACE 2 code has been used by many research groups 
and for many different reactions over the past several years [16, 17, 18]. 
39 
References 
[ 1 ] M. Blann. ALICE 91, LLNL / IAEA/ NEA Data Bank, France (1991). 
[2] A. Gavron, Phys. Rev. C 21 (1980) 230. 
[3] V.F. Weisskopf and D.H. Ewing, Phys. Rev. 57 (1940) 472. 
[4] M. Blann, Phys. Rev. Lett. 27 (1971) 337. 
[5] M. Blann, Phys. Rev. Lett. 28 (1972) 757. 
[6] W.D.Myers and W.J.Swiatecki, Ark.Phys., 36(1967)343. 
[7] M. Blann, Phys. Rev. C. 21 (1980) 1770. 
[8] T.D. Thomas, Nucl. Phys.53 (1964) 577. 
[9] F.D. Bacchetti and G.W. Greenles, Phys. Rev. 182 (1969) 1140. 
[10] K. Kikuchi and M. Kawai, Nucl Matter and Nucl. Reactions, North Holland 
Publishing Company (1968). 
[11] M. Blann, Nucl. Phys. A 213 (1973) 570. 
[12] M. Blann and H. Vonach, Phys. Rev. C 28 (1983) 1475 
[13] M.Blann, G.Refoo and F.Fabbri, Nucl. Inst.MethodsA265 (1988) 490. 
[14] D. Bodansky, Annu. Rev. Nucl. Sci., 12 (1962) 79. 
[15] M.Hillman and Y.Eyal, Unpublished. 
[16] B.S. Tomer et. a l , Phys. Rev. C.49 (1994) 940. 
[17] S. Chakarbarty et. a l , Nuclear Physics A 678 (2000) 355. 
[18] M.K. Sharma et. al, Phys. Rev. C 70 (2004) 044606. 
40 
10' 
1 1 0 ' -
8 o 
"Mb(C,a3n)"Rh 
• Exparlniantal 
PLD -8 
--PLO -12 
PLD -18 
Chapter - IV 
55 BO 65 70 75 
Projectile Energir (MeV) 
Results and Discussion 
In order to understand fusion mechanism in heavy ion interactions, excitation 
functions (EFs) for ten reactions viz ^^  Nb (C, 2n) "^ ^Ag, ^^Nb(C, 4n) '"'Ag, '^ Nb (C, 
p3n)'''Pd, " Nb (C, 2p2n)'°'Rh , '' Nb (C, an f'Rh , '' Nb (C, a2n) '^ '^ Rh , '' Nb (C. 
a3n) '^Rh , ' ' Nb (C, ap3n) ' ' 'RU, '' Nb (C, 2a2n) ''-^ Tc , '' Nb (C, 2a3n) ' ' 'TC have 
been experimentally measured at five projectile energies from near coulomb 
barrier(43.53 MeV) to well above it. Our experimentally measured values are displayed 
in Figs 4.1.1 to 4.1.10 (with closed circles). The size of experimental data point (closed 
circle) includes the magnitude of the estimated error. Experimental results have also 
been compared with theoretical predictions based on A1ICE-91[1] and PACE2 [2] 
codes. 
4.1 Analysis with code ALICE-91 
The code ALICE -91 [1] has been developed by M. Blann, to account for the 
equilibrium as well as pre- equilibrium (PE) emission in light and heavy ion reactions. 
In this code the level density parameter a, the mean free path multiplier COST and 
initial exciton number no are some of the important input parameters. The level density 
parameter a is calculated from the expression a = A/K where, A is the mass number of 
the compound nucleus and K is a level density parameter constant designated as PLD, 
which can be varied. Calculations have been performed for different values of PLD 
(8,12,16) and C05r (3,6,9). 
The effect of variation of the parameter PLD on calculated EFs is presented in 
Figs 4.1.1 to 4.1.10. It can be seen from the figures that the value of PLD = 8, in 
general, safisfactorily reproduce the experimental data for all reactions. Further it has 
been found that the calculated excitations functions are insensitive to the parameter 
COST. As a representative case the effect of variation of parameter COST on the 
calculated EF for the reacUon ^^  Nb (C, 2n) '"^Ag is shown in Fig. 4.1.11. 
Further, it may be pointed out that calculated values of excitation functions with 
these set of parameters shifted towards the lower energy region compared to 
experimentally measured values as shown in Fig. 4.1.12. 
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This may be because heavy ions, imparts large angular momentum to the 
composite nuclear system. The compound systems formed with incident particles of 
different masses, have appreciably different angular momenta, when excited to the 
same excitation energy. This, in principle, can lead to differences in the excitation 
functions. As in the last stages of nuclear de-excitation the high angular momentum 
imparted by HI inhibits particle emission more than it does gamma ray emission, then 
the peak of the excitation functions, corresponding to the particle emission mode, will 
be shifted to the higher energy side [3]. Such a shift could also be produced if the mean 
energy of the evaporated particles increases with increasing nuclear spin. The order of 
this shift can be obtained from the rotational energy. The overall estimate of the 
possible energy shift has been calculated from the nuclear rotational energy .In the 
present case at incident energies 47.88, 55.47, 62.50, 69.05 &75.00 MeV, rotational 
energy using equation (3.1.5) is found to vary from 6.2 to 9.6 MeV. Since the angular 
momentum effects have not been taken into account in the Weisskopf - Ewing 
calculations of ALICE -91, thus it is desirable to shift the calculated excitation 
functions by the amount ~ Erm as calculated above. It has been found that code 
calculations satisfactorily reproduce the experimental data when the energy scales of 
the calculated excitation functions are shifted by respective Erot values. It is very clear 
from Figs. 4.1.1 to 4.1.4 that the excitation functions for ^^  Nb (C,2n)'°^Ag , ^^  Nb 
(C,4n)""Ag, ^^  Nb (C, p3n)'°'Pd and ^^  Nb (C,2p2n)""Rh reaction channels are in 
good agreement with the calculated values for the chosen set of parameters after 
taking into account the rotational energy shift. In case of ^^  Nb (C, an )"^ '^ Rh , ^^ Nb (C, 
a2n) "^ R^h , ^^  Nb (C, a3n) ^^Rh , "^  Nb (C, ap3n) "^ R^u, '^^ Nb (C, 2a2n) ^^Tc and ^^  Nb 
(C, 2a3n) Tc channels(shown in Figs. 4.1.5 to 4.1.10) , the measured cross-sections 
are much higher than those calculated by ALICE-91.This may be attributed to the fact 
that these channels may be populated not only by the CF of '^ C but also may have a 
significant contribution of ICF that may be formed through the fusion of*Be or a of '^ C 
with Nb . Further confirmation of the contribution of incomplete fusion reaction 
mechanism to the total reaction cross-section can be done^y the-m^|s&ii4*ent of recoil 
range distribution of evaporation residues. / * ^ ' ^ r \ ( P TXA I ^ * ^ 
4.2 Analysis with code PACE2 fec^ ' -^ ) ^ 
The theoretical estimation of the cross-sections wa^^bteined iisingTib^^onte 
Carlo Simulation code PACE2 [2] with KRK formula for level density [4]. The optical 
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model parameters for emitted light particles were taken from Perey and Percy [5] for 
alpha, proton & neutrons. The fusion cross-sections were calculated by following the 
prescription of Bass [6]. In this code the level density parameter is one of the important 
parameters which may be varied to match the experimental data .The effect of variation 
in level density parameter constant PLD( = 8,12 &16) on calculated EFs for the reaction 
channels "' Nb (C, 2n) '"^Ag, "^ N^bCC 4n) '"'Ag, '' Nb (C, p3n)'"'Pd, '' Nb (C, 
2p2n)'°'Rh , ' ' Nb (C, an )"*'^ Rh , '' Nb (C, a2n) '^Rh , ' ' Nb (C, a3n) ''^ Rh , ' ' Nb (C. 
ap3n) ^^Ru, ^^  Nb (C, 2a2n) ^^Tc , ^^  Nb (C, 2a3n) '^ T^c is shown in Figs 4.2.1 to 
4.2.10 . It can be observed from the Figs. 4.2.1 to 4.2.4, that a value of PLD =8 
satisfactorily reproduce the measured EFs. The other input parameters in the 
programme were used as default values. The calculated excitation functions are shown 
as solid line, dashed and dotted lines for PLD equal to 8,12&16 respectively. Now we 
present the details of each reaction channel one by one in the following discussion. 
1) "Nb (C, 2n) '"Ag 
The evaporation residue "^ ^Ag is expected to be formed via complete fusion of 
'^ C with ^^Nb followed by the evaporation of two neutrons from the excited composite 
system "'^Ag*. The EFs for this reaction is given in Fig. 4.2.1. From the figure it is seen 
that EFs for the product '"^Ag are in good agreement with the theoretical predictions, 
which is veritable signature of CF. 
2) "Nb (C, 4n) '"'Ag 
The evaporation residue '°'Ag is expected to be populated through complete 
fusion of '^C with ^^Nb followed by the emission of four neutrons from the excited 
composite system "^ ^Ag. The variation of cross-reactions with energy for this channel is 
shown in Fig. 4.2.2. , we see from this figure that PACE2 calculations reproduce the 
measured cross-reaction with the same trend that is veritable signature of CF. 
3) "Nb (C, p3n) '"'Pd, 
The evaporation residue " '^Pd is expected to be formed via complete fusion of '^ C 
with Nb followed by the evaporation of a proton and three neutrons from the excited 
composite system "'^ Ag. The residual nucleus ""Pd may also be populated by the P^  
decay of its higher charge isobar precursor '°'Ag formed via reaction '^'Nb (C, 4n). Thus 
the measured activity of '°'Pd will have contribution from both the independent product 
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as well as from precursor decay. The measured EFs for this reaction is shown in Fig. 
4.2.3. From this figure, it can be observed that the cross-reaction increases with the 
increase in energy and attains a maximum, after which cross-section falls of with the 
increase in the energy as the other channels open up. 
From the Figs. 4.2.1, 4.2.2 and 4.2.3 it can be seen that x n {x ^ 2,4) and pxn 
products are formed via de-excitation of the CN formed in CF. 
4) "Nb (C, 2p2ii)"'^Rh 
The evaporation residue '°'Rh may be formed by the complete fusion of C 
with '^Nb followed by the evaporation of 2 proton and 2 neutrons from excited 
composite system '^ ^Ag. This residual nucleus '°'Rh may also be populated via ICF of 
^Be fragment (if it is assumed that '^C under-goes break up into aand ^Be fragments) 
and unfused fragment a-particle moves forward as a spectator. Thus, the measured 
activity of '°'Rh may have contribution from both the CF as well as ICF channels. The 
EFs for this The measured EFs for this reaction is shown in Fig. 4.2.4. It is seen from 
the figure that PACE2 calculations agree well with the experimental data, so this 
charmel contributes only CF. 
5) "Nb (C, aii)'"°Rh 
The EFs for the reaction is shown in Fig 4.2.5. From the Fig. we see that the 
agreement between PACE2 predictions and experimental values exist below 65 MeV 
and above this energy significant enhancement of cross-section is found. This simply 
indicates that this "'^Rh is populated by not only via CF of '^ C with ^^Nb followed by 
the evaporation of an a-particle and one neutron from excited composite system 
'°^Ag.but may also be formed via ICF of *Be fragment (if it is assumed that '^ C 
undergoes breakup into a and *Be fragments) followed by emission of one neutron 
from excited composite system " '^Rh and unused fragment a-particle moves forward as 
a spectator as shown in Fig.4.2.11. Thus the measured activity of '"*^ Rh will have 
contributions from both the CF as well as ICF channels. 
6) "Nb (C, a2n) '^Rh 
The EFs for the production of ^^Rh is shown in fig. 4.2.6. From the figure we 
observe that enhancement of cross-section is found with respect to PACE2 values. 
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IOOT Fig. 4,2.11 Pictorial representation of the production of Rh via CF 
as well as ICF channels. 
This means that in addition to CF of '^C with ^^Nb followed by evaporation of a 
Q 
particle and 2 neutrons from the excited composite system, it is formed via ICF of Be 
fragment followed by emission of 2 neutrons from the '°'Rh and unfused fragment a-
particle moves in forward direction as a spectator. 
7) 93 98T Nb (C, a3n) ^'Rh 
From Fig 4.2.7 it is observed that measured EFs are almost 10 times more than the 
values predicted by the PACE2. This increased activity may have contribution from the 
incomplete fusion of Be fragment followed by emission of three neutrons and unfused 
fragment a-particle moves forward as a spectator. 
8) '^ Nb (C, ap3n) '^ Ru 
From Fig.4.2.8 it is seen that our experimentally measured cross-sections are 
much higher that theoretical predictions done by PACE2 up to 65 MeV we are not 
getting any cross-section from PACE2, but we have measured it experimentally. This 
can be explained by the ICF of ^Be fragment with ^^Nb followed by emission of proton 
and three neutrons from the excited composite system '°'Rh and unfused fragment a-
particle moves forward as a spectator. 
9) "Nb(C,2a2n)''^Tc 
CF and ICF both may also form this radionuclide ^''TC. The EFs are shown in Fig 
4.2.9. It is seen from the figure that there is a small contribution from ICF. 
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10) "Nb (C, 2a3n) '"TC 
Both CF and ICF channels populate this ^''TC. This is evidenced by enhanced 
measured cross-sections shown in Fig 4.2.10. 
The observations mentioned above indicate that incomplete fusion (ICF) occurs even at 
low energy as 6 MeV/nucleon. 
4.3 CONCLUSIONS 
In the present analysis EFs for ten reaction channels in '^ C + ''^ Nb system at 
Pelletron energies have been measured and compared with predictions of codes 
ALICE91 and PACE2. It has been observed that residues are populated not only via CF 
but also some other mode, termed as ICF. In order to have further confirmation of ICF 
and to find out relative contribution of CF and ICF in a particular reaction channeK 
Recoil Range Distributions (RRDs) studies are still required. 
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